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Abstract 
While the positive effect of raising turbine inlet temperature to increase overall plant efficiency is often quoted and discussed, 
another figure is mentioned to a much lesser extent: The HTF outlet temperature at the steam generator exit, which also has a 
profound influence on cycle efficiency due to the fact that allowing higher temperatures allows moving to much higher 
evaporator pressures and, thus, higher cycle efficiencies. 
This paper aims at evaluating potential benefits of increasing the lower HTF temperature in molten salt parabolic trough power 
plants based on an evaluation of its influence on LCOE. 
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1. Introduction 
In the analysis of CSP systems, a large number of different configuration options and components (plant design 
temperature levels, storage capacity, turbine capacity and cycle design, collector type, HCE type, etc.) influences the 
plant performance during operation and the overall investment cost. Recently, the focus in the field of parabolic 
trough technology, replacing the commonly used synthetic oil with molten salt as the heat transfer fluid is 
envisioned and seen as the next logical step for the technology. LCOE-reductions of around 20% combined with 
higher capacity factors are as compared to the commonly used are thought to be possible. Test installations have 
been in operation for several years now and component manufacturers are starting to introduce products specifically 
aimed at this technology. 
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While the general concept and configuration for the oil-based plants has been very similar to the first plants built 
in the years in the 1980s, molten salt plants will naturally be configured very differently with higher operating 
temperatures and likely larger storage due to the largely decreased cost of storage. 
One central objective in finding the optimum configuration is to find the optimum temperature levels of 
operation, i.e. the optimum solar field inlet and outlet temperatures. Increasing the temperature of heat introduction 
to the system, i.e. increasing both the solar field outlet temperature as well as the power cycle salt return 
temperature, will lead to higher cycle efficiencies as dictated by the Carnot efficiency, which quantifies the 
maximum theoretical efficiency of a thermodynamic cycle based on its average temperature of heat input Tin and its 
temperature of heat rejection Tout: 
ߟ஼ = 1െ ௢ܶ௨௧
௜ܶ௡
 
While high the cycle efficiency itself has a direct positive effect on plant economics, effectively increasing the 
output for a given amount of heat input, the higher salt temperatures required also have negative effects: The solar 
field efficiency suffers due to higher thermal losses in the receivers and in the piping system and the thermal storage 
gets larger and more costly for a given amount of stored energy due to the lower temperature difference between the 
hot and cold tanks. Moreover, higher pumping power is required due to increased solar field mass flow. The piping 
diameters will increase due to  
In fossil-fired thermal power plants, the fossil fuel is burned with the oxygen contained in the ambient. This 
process cannot be operated in a closed cycle as oxygen is consumed in the process. Thus, the flue gas is released 
into the atmosphere and all residual thermal energy contained in it is lost from the process. The outlet temperature of 
the flue gas is usually in the order of 100°C. This means that a significant amount of low-temperature energy is 
introduced into the system. As an example, economically optimized combined cycle power plants make use of two 
or more pressure levels in the heat recovery steam generator to capture this energy. This low-temperature energy 
naturally limits the achievable efficiencies of the power cycles as indicated by the Carnot efficiency. 
CSP power plants, by contrast, are usually operated in a closed-cycle configuration; the hot heat transfer fluid 
passes through the steam generator to deliver energy to the power cycle and the whole cooled-down mass flow is fed 
back into the solar energy collection system (e.g. parabolic trough field or central receiver). No energy is lost to the 
ambient as it is in fossil-fired plants. This implies that an economically designed Rankine cycle may look very 
different than a cycle optimized for conventional power plants because there is no need to extract low-temperature 
heat from the heat transfer fluid. 
Looking at an extreme case of only introducing the full-temperature heat in the power cycle shows that 
practically, some limitations exist. If in the steam generator the HTF would only be cooled down by and 
infinitesimally small amount, essentially only introducing high-temperature heat into the system, the following 
would happen: 
x The mass flow in the heat collection system would become infinitely high, leading to infinitely high 
parasitic losses and pressures 
x The temperature difference between the cold and hot storage tanks in the storage system would become 
infinitesimally small, leading to infinitely large and expensive storage tanks 
Such a plant could clearly not be economically optimal. This implies that, when optimizing a power cycle, an 
optimum must exist that allows for a reasonable cool-down which introduces energy of lower-than-maximum 
temperature into the system but allows for reduction of the extreme effects of high parasitic losses and expensive 
storage. 
Finally, the economic viability of power generation technologies is judged by the levelised cost of electricity 
(LCOE). This paper aims at quantifying the influence of different temperature levels on LCOE for molten salt 
parabolic trough power plants. The evaluation will be done for an exemplary plant configuration with a 50 MW 
steam turbine and 12 to 16 hours of thermal storage, located in Morocco. 
First, the power cycle efficiency is determined to quantify the influence of the steam generator molten salt inlet 
and outlet temperature on cycle efficiency. Then, an investment cost model is set-up determine the plant investment 
cost as a function of these parameters. Finally, an annual yield calculation model is used to simulate different plant 
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configurations. Based on these different models, a series of plant configurations is analyzed for cost and annual 
output, and, finally, for LCOE. 
2. Modeling approach and results 
2.1. Plant configuration 
The plant configuration chosen for this analysis is shown in Table 1. The influence of the temperature levels is 
performed in a parametric analysis which covers a total of 25 plant configurations. Each configuration was 
optimized for lowest LCOE by determining the optimum field size and storage capacity. The Ultimate Trough 
collector was chosen due to its high optical efficiency and large aperture, which lead to optimum thermal loss 
characteristics for high-temperature applications with molten salt ([1], [2]). 
Table 1. Plant configuration 
 
2.2. Modeling of the power cycle 
The power cycle has been modeled with a conceptual modeling tool to determine the cycle efficiencies. The tool 
solves the mass and heat-balance of a Rankine cycle and allows the calculation of the cycle efficiency. A schematic 
drawing of the power cycle as calculated in this study is shown in Fig. 1. The process is a single reheat cycle with 
six extractions for feedwater preheating. The superheater and reheater are operated in parallel with the respective 
mass flows chosen to reach the same molten salt outlet temperature under nominal load. 
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Fig. 1. Schematic process diagram of the power cycle 
The following design criteria and assumptions were applied in the calculation: 
x Superheater and reheater approach temperature: 10 K 
x Evaporator pinch point: 10K 
x Preheater approach temperature: 5K 
x Condenser nominal operating pressure: 120 mbar 
x Number of extractions: 2 in high-pressure turbine, 4 in low-pressure turbine. Extraction pressures chosen to attain 
optimum temperature-stacking of preheaters (see Fig. 2). 
x Reheat pressure chosen according to pressure in second high pressure preheater 
x Turbine isentropic efficiencies: 87% (HP) / 88% (LP) 
x Generator mechanical and electrical efficiency: 98.5% 
x Condensate and feedwater pump efficiencies: 75% isentropic, 95% electric/mechanical 
x Steam generator pressure loss: 5% of steam generator inlet pressure 
x Reheater pressure loss: 5% of high-pressure turbine outlet pressure 
x Blow-down fraction: 1.5% 
As an example, one of the cycle calculation results is visualized in the in Fig. 2. The left diagram shows the T-s-
diagram of the closed water-steam cycle with the extraction temperature levels indicated by dotted lines. The right 
diagram visualizes the heat transfer in the steam generator and reheater. 
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Fig. 2. Cycle calculation example of the power cycle model for a subcritical cycle: T-s-diagram of the cycle (left) and Q-T-diagram of the steam 
generator (right) 
The cycle calculations were performed for a range of molten salt inlet and outlet temperatures of interest for 
molten salt applications in CSP plants. For each configuration, the temperature of the molten salt at the steam 
generator inlet was held constant. By iteratively adapting the feedwater pressure level and, by that means, the 
evaporation pressure, the slope of the molten salt temperature curve shown in Fig. 2b was chosen in a way that the 
molten salt temperature at the steam generator outlet matches the temperature defined for the case. The reheat 
pressure was implicitly fixed by the temperature level of the second feedwater preheater. The results are shown in 
Fig. 3 and listed in Table 2. The resulting pressures vary between 75 bar and 290 bar, i.e. both sub-critical and 
supercritical cycles are included. 
 
Fig. 3. Cycle efficiencies for the power cycle for different molten salt inlet and outlet temperatures 
The results indicate that the positive effect on cycle efficiency of raising the lower molten salt temperature is 
almost three times as high as the effect of raising the upper temperature by the same amount. This is due to the fact 
that significantly higher evaporator pressures and thus, thermodynamically speaking, higher temperatures of heat 
input can be attained when increasing the lower temperature, leading to a vastly increased cycle efficiency. Only 
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raising upper temperature, in turn, only introduces a relatively small portion of high-temperature heat in the 
superheater, thus affecting the cycle efficiency to a much smaller degree. 
Table 2. Power cycle calculation output 
 
Based on these numeric results, a multidimensional polynomial was derived to describe the net power cycle 
efficiency as a function of HTF inlet and outlet temperature to be used in the following analysis. 
2.3. Modeling of the investment costs 
The investment costs were calculated based on a proprietary investment cost model. This model scales the cost of 
roughly 50 different main components of the plant depending on the plant configuration. For example, the storage 
tanks are scaled based on the tank volume, which, in turn, relates to the temperature difference between the tanks, 
and the tank design temperature. The additional cost of stainless steel tanks necessary above a certain temperature 
level is also taken into consideration. The solar field is scaled depending on the collector type, loop configuration, 
and the number of loops. The solar field cost is also influenced by the cost of the piping, which relates to the design 
mass flow that is also influenced by the chosen temperature levels. The steam turbine cost is scaled with the turbine 
gross capacity (and is constant in this case). 
All in all, the model tries to capture as many of the different effects that drive the investment costs in one or the 
other direction. 
Table 3. Specific investment costs of four cases 
 
 
Fig. 4 shows the investment cost split four of the 25 evaluated cases with the extreme temperature pairs as shown 
in Table 3. Some results are worth mentioning when analyzing the data in the table and the graph: 
x The solar field cost share correlates with the gross cycle efficiency. The highest-efficiency cycle has the lowest 
solar field cost share as the optimum solar field is smaller due to reduction of required heat input. The lowest-
efficiency cycle accordingly has the highest total cost. Looking at the specific cost of the solar field, another 
determining factor is apparent: A lower temperature difference between solar field inlet and outlet leads to higher 
nominal mass flows for the same thermal output, thus leading to higher pipe diameters and, consequently, higher 
specific piping and salt cost. 
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x The absolute cost of the power cycle and BOP as well as the specific cost is lower the higher the gross efficiency, 
which results from a reduction in size of the required air-cooled condenser. 
x The total and specific cost of the salt system, including the thermal storage, correlates with the temperature 
difference between the solar field inlet and outlet, as the temperature difference is the determining factor. Plants 
with lower temperature difference need a larger storage system for the same number of full-load hours of storage. 
x The cost of the steam cycle (steam generator system and steam turbine generator with feedwater system) was not 
modified from case to case. The slight differences stem from adaption of the ACC size, as high-efficiency cycles 
need smaller ACCs due to the fact that less heat is rejected to the ambient. 
 
 
Fig. 4. Investment cost split-up for 4 of the cases 
2.4. Annual yield simulation and system optimization 
Based on the plant configuration and other inputs like the power cycle efficiency, each of the 25 configurations 
was simulated using the physical trough model of the software package SAM by NREL [3]. SAM accounts for 
freeze-protection at night by assuming electric heating. However, it is more economical to use thermal energy from 
storage for freeze-protection. This was considered by modifying the SAM results accordingly. 
Each configuration was optimized for lowest LCOE by iteratively determining the optimum combination of solar 
field size and storage capacity. 
2.5. Levelized cost of electricity 
The LCOE value for each configuration was calculated based on the investment and O&M costs and the annual 
output of each configuration.  
The results are depicted in Fig. 5: Raising the lower temperature from 280°C to 330°C lowers LCOE by between 
4% and 6%, depending on the chosen upper HTF temperature. In fact, the positive effect of raising the lower HTF 
temperature has a more profound effect than raising the upper HTF temperature. This is as expected when looking at 
the cycle efficiency calculations, where the lower temperature was already evaluated to have a much higher 
influence. Looking at the complete plant, the increase of cycle efficiency thus more than compensates for the higher 
storage cost and increased thermal losses in the solar field. 
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Fig. 5. LCOE of all evaluated cases 
The LCOE results have the following implications and point towards some trends which can be expected for the 
forthcoming of molten salt parabolic trough plants: 
1) The solar field outlet temperature and the power cycle return temperature were varied in a significant range. 
Surprisingly, the LCOE was only affected in a range of 9%, or even only 5% when neglecting the lowest solar 
field outlet temperature. Thus, the costs and benefits of increasing the temperature level of the plant cancel each 
other out so some degree. 
2) The benefit of increasing the maximum temperature in the solar field from 530°C to 570°C decreases LCOE by 
only ~2%. As stated before, different material costs were not considered in this study. It is questionable whether 
using more expensive higher-grade materials or significantly increasing wall thicknesses to account for the 
higher temperatures can be justified. In the end, the maximum temperature may well be dictated by this limit. 
3) Even though the higher temperature spread may at first lead to the conclusion that higher power cycle return 
temperatures and, thus, higher cycle efficiencies will be achievable, the economic implication of this is very 
limited. It seems that going beyond a return temperature of 330°C leads to no added benefit for the given 
configurations. As stated earlier, the higher pressures in the turbines will lead to higher losses in the turbine and 
decrease its internal efficiency, which was not considered in this study. In reality, the optimum cycle return 
temperature may be even lower. 
4) The optimum return temperature range of between 310°C and 320°C corresponds to live steam pressures of 
130bar to 150bar, which is in line with the available state of the art industrial steam turbines. Looking towards 
higher-pressure processes may thus not even be justifiable considering the higher cost associated with higher 
operating pressures. 
That being said, this analysis was done for a single plant configuration with the current state of the art of 
components considered. The results may change as the technology advances further. 
3. Summary and conclusion 
An evaluation of the influence of field inlet and outlet temperature on LCOE has been performed for a molten 
salt parabolic trough plant. The results indicate that increasing the solar field inlet temperature has a similar positive 
effect on plant economics as the more commonly quoted and discussed increase of the upper cycle temperature. This 
should be taken into account when choosing or optimizing system temperature levels and designing power cycles for 
molten salt parabolic trough power plants. 
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